ere is a common way to enhance the collapse safety of residential houses using extra tilted poles supporting poor structures from the outside before and/or after earthquakes in seismic regions, especially in rural areas. But, almost all of these supporting measures are still weak and lack of scientific design and evaluation. is study takes a poorly designed two-bay and three-story RC frame building as an object to explore the effect of this kind of support measures on structural seismic resistance by comparing with a standard-designed RC frame structure model as a contrastive case. e results obtained by performance-based methods indicate that extra poles can improve the seismic collapse safety and reduce structural seismic damage of the poorly designed structure (PDS) effectively. e median collapse capacity parameter θ increases from 1.31 g to the range of 1.92∼2.39 g, and S a (T 1 ; 10%) (spectral acceleration at the first-mode period which causes 10% probability of structural collapse) also increases from 0.57 g to the range of 0.75∼1.08 g. Study of dynamic structural damage shows a great damage reduction of PDS under seismic loads, especially S a (T 1 ) � 0.2 g. is study proves that this simple measure can improve the seismic resistance of PDS into an acceptable level by taking our suggested practical and efficient supporting schemes.
Introduction
e seismic design has been a very important sector in civil engineering as earthquakes are devastating natural disasters, and serious losses of life and property can be made in a very short time [1] . Most cities and regions throughout the world have experienced devastating seismic events. Earthquakes have frequently occurred all over the world in recent years. e destruction and collapse of buildings is a major cause of loss of life and property in earthquake disasters.
A large number of postsurveys show that there are two main reasons for the collapse of building structures during the earthquake which are as follows [2] .
First one is the weak seismic capacity caused by design or construction. For example, the Tangshan earthquake (July 28, 1976, China) caused 242,769 deaths and 164,851 serious injuries. One of the main reasons is that building codes at that time were based on the single-fortificationprinciple depending on basic seismic intensity, which only requires structural strength.
is single-fortificationprinciple code was proved to be unable to guarantee the seismic capacity of the structure. Because the structure wants to have enough seismic capacity, it must meet the requirements of strength, stiffness, and ductility at the same time. China quickly adjusted the structural design code for the painful lessons of the earthquake. For the structure to have sufficient seismic capacity, it must meet the requirements of strength, stiffness, and ductility at the same time [3, 4] . After this tragic event, building codes were updated very quickly. e second reason is the greater seismic intensity than we expected. According to the data from the United States Geological Survey (USGS), there have been a large number of super earthquakes in recent years. As of May 20, 2019, 21 earthquakes with a magnitude greater than 7 have occurred worldwide since 2018. e largest of these was the 8.2 magnitude Fiji earthquake (August 2018). Many seismic events with higher magnitudes than the expected one have also demonstrated that many existing buildings are insufficient to resist these types of events in the past decades [5] . For example, the devastating Wenchuan earthquake (May 12, 2008, China) proved that buildings constructed strictly according to building codes at that time and with proper workmanship performed well with lower and acceptable collapse probability [2] during earthquakes. But, the Wenchuan earthquake still caused a loss of 69,226 people and a direct economic loss of 128 billion US dollars. e main reason is that the earthquake intensity of the Wenchuan earthquake greatly exceeded expectations.
It should be mentioned specially that about 90 percent of the collapsed buildings during the Wenchuan earthquake were distributed in rural areas.
e Jiuzhaigou earthquake (M s 7.0, August 8, 2017, China) has 76 completely collapsed structures, all in rural areas. is is because in rural areas, it is affected more seriously by the limitations of knowledge and the implementation of norms, so its disaster losses are more serious. In rural areas, there are more building structures that do not meet the seismic requirements because of the lack of materials and awareness.
e existing of the massive number of insufficient and substandard structures brings fateful danger for human lives.
is situation is even more serious in developing countries such as India, Pakistan, and China [6] [7] [8] .
With the strengthening of aseismic awareness, it is realized that some measures need to be applied to protect and reduce the losses for people living. Structural strengthening technology and collapse safety assessment for the existing building have been developing rapidly in past decades [3, 4, 9, 10] However, the reinforcement of residential structures in rural areas is not widely applied because of the limited economic and technology. erefore, this paper gives the evaluation and support suggestions for simple support in rural areas in view of the weak seismic capacity of residential houses in rural areas. Performance-based structural analysis and evaluation methods are used to study the typical structural support schemes and the support effects and to know whether such simple support measures can improve the seismic performance of poorly designed structures, especially, if all of these supporting schemes can get positive answers, and then, corresponding effective support suggestions will be provided based on our series of research.
Performance-based design (PBD) idea has been widely recognized and applied since it was proposed in the 1990s [11, 12] . e performance-based theory has been widely used in structural design and seismic performance assessment. Nowadays, PBD engineering state-of-practice can be found in design codes of many countries such as FEMA-445 [13] , ASCE-41 [14] , ATC-58 [15] , FEMA-P-58-1 [16, 17] , and Chinese Standard [18] . Performance-based seismic evaluation methods of structures are mainly divided into static analysis and dynamic analysis. e nonlinear static analysis, also called pushover analysis, is an efficient method to estimate the seismic demand of buildings, which has gained great popularity and becomes a standard tool for seismic assessment in many codes of practice because of its simplicity and reasonable accuracy [19, 20] . e nonlinear dynamic analysis method, also known as the nonlinear response time-history analysis (NLRHA) method, is considered as the most accurate method to evaluate the seismic response of buildings. Nevertheless, NLRHA is not suitable to be used for quick assessment of buildings because of the extremely heavy computational demand [19] .
e simple measure in this study is using extra tilted poles to support a typical low-rising RC building in rural areas. A standard-designed structure (SDS) is constructed in this study based on the current building code [21] in a specific seismic region (Jiuzhai, Sichuan). And, a poorly designed RC structure (PDS) model is also built as an object of a substandard representative building in Chinese rural areas.
ree groups of support schemes are designed to explore the influence of angle between poles and the ground, location and the number of poles, and the crosssection size on the improvement efficiency. Seismic collapse capacity and structural dynamic response are assessed to explore the impact of the extra tilted pole supporting. Further study of structural seismic damage is also carried out to investigate the influence of the extra devices on structural seismic resistance. Numerical analysis models of all structures are built on powerful nonlinear finite element analysis platform software, OpenSEES. Results of structural collapse capacity and damage index assessments can provide some scientific references for the strengthening design for PDSs.
Structural Analysis Model

RC Frame Buildings.
is study takes a typical poorly designed RC frame structure (PDS) as an example of rural building structural to assess the impact of the tilted strutting poles on seismic resistance of the poor building. e standard-designed RC building (SDS) is designed basing on the current Chinese building code with a column cross section 400 mm × 400 mm.
is three-story two-bay RC frame structure is one of the most typical civil house structures in Chinese rural regions, the model of which is created by using the OpenSEES structural analysis platform. PDS and SDS have the same structural plane and elevation layout as illustrated in e reinforcement configurations of beams and columns of PDS are illustrated in Figure 2 (a). e column of PDS is not meeting the building code requirements, cross section (300 mm × 300 mm) of which is smaller than the standard designed one (400 mm × 400 mm). Figure 2 (b) illustrates the rebars and shape of the sections of the column of SDS. Element modeling consists of nonlinear beamcolumn elements and beamWithHinges elements [22] , both 2
Advances in Civil Engineering of which are force-based elements. Rayleigh damping corresponding to 5% of critical damping in the first and second modes is applied. e floor slabs are assumed to be rigid, so the beams are constructed as nonlinear beam-column elements while the columns are constructed as beamWith-Hinges elements as shown in Figure 1 (a). e plastic hinge length is specified using an empirically validated relationship as follows [23] :
where L represents the length of the member, f y is the yield strength of the longitudinal reinforcing bars, and d is the diameter. e collapse capacities of the building are evaluated by using a performance-based methodology which will be illustrated in the following section. e concrete material is the Concrete 02 [24] Material in OpenSEES, which is a uniaxial concrete material object with tensile strength and linear tension softening with compressive strength f pc � 26.8 MPa, crushing strength f pcu � 10 MPa, and tensile strength f t � 2.2 MPa. e strain at compressive strength epsc0 is 0.0015 in this case, while the strain at crushing strength is − 0.0033. Tension softening stiffness E ts (slope of the linear tension soft-ening branch) is 1100 MPa. e steel material model is the Steel 02 [24] Material in OpenSEES, which is a uniaxial Giuffre-Menegotto-Pinto model steel material object with isotropic strain hardening. e yield strength F y is 400 MPa, and the initial elastic tangent E is 206000 MPa. e cyclic stress-strain behavior of concrete and steel is shown in Figure 3 [24] . Referring to the widely used support measure for a poorly designed building, this study analyses one of the most popular support forms, as shown in Figure 4 . Wood is considered to be anisotropic as the basic physical and mechanical properties vary along the longitudinal, radial, and tangential planes. For purposes of analysis, timber material behavior can be simplified into an elastic perfectly-plastic material [25] with a tangent modulus E of 116000 MPa, a plastic state strain in the tension of 0.0021, and a plastic state strain in compression of 0.0014. e constitutive parameters are selected according to the European Standard EN 1194 [26] .
e element used in this study is the timber pole with a rectangular cross-section, edge length of which is shown in Figure 2 (b). Five sets of different edge lengths are considered as illustrated in Table 1 to study the effects of different extra pole section size support. 
Supporting
Schemes. In order to study the different impact factors on the supporting effect, two scenarios of support schemes are designed to explore the impacts of support location, the number of support poles, and the angle between the tilted poles and the horizontal ground. e detail information is shown in Table 2 .
Group A is aimed at the angle (α) between the tilted strutting pole and the horizontal ground, as shown in Figure 3 . Five different schemes are designed with α ranging from 30°to 72°to study the impact of angle (α) on collapse safety improvement efficiency. e joints between the poles and the ground are simplified as hinges, while the poles are fixed to the structure. Meanwhile, group N is aimed to explore the impact of supporting location and the number of poles on improving the efficiency of structural seismic resistance. e RC frame building is divided into three parts: side frame 1, middle frame, and side frame 2, as illustrated in Figure 1 (b). Tilted poles are all placed with a 45°angle to the horizontal ground to study the impact of locations and numbers of the poles. Four strengthening schemes are involved: two of them are the cases with two out of three frames supported (N1, N2); the other two schemes are the cases with only one frame supported (N3, N4). Group S is aimed at the effects of the cross-section size of the timber poles. In this group, all frames are supported with tilted poles placed with a 45°angle to the horizontal ground. Crosssection sizes of different schemes are illustrated in Table 1 , selected based on the material properties.
Methodology
Performance-based design (PBD) framework was presented throughout the past couple of decades to increasing structural safety against nondeterministic seismic hazards. In accordance with performance-based earthquake engineering, the structures need to be able to resist various earthquake loading scenarios in a measurable fashion and sustain potential damages corresponding to desired performance levels [27] .
Pushover Analysis.
Pushover analysis is an efficient nonlinear static method to estimate the seismic demand of buildings. It is a performance-based method where a set of equivalent lateral forces is applied to the structures to obtain e pushover method has gained great popularity and becomes a standard tool for seismic assessment in many codes of practice [28, 29] owing to its simplicity and reasonable accuracy. In this study, the pushover analysis is performed to estimate the damage level of structures, which will be explained later.
Time-History Analysis.
Time-history analysis means a much larger amount of computation than static analysis. But, it can capture the structural response more accurately under seismic loads. Time-history analysis has been recommended to use in most of the codes of practice for seismic design [28, 29] .
Time-history analysis is used to determine the response of the structure due to ground motion with a certain intensity level. In this study, nonlinear response history analysis is performed for the forty selected ground motions to study the structural seismic performance. e parameters that are taken into account are the interstory drift ratio as the structural damage measure and spectral acceleration (ξ � 5% damped) at the structural first-mode period (S a (T 1 )) [30] as the ground motion intensity measure.
IDA is a widely used parametric analysis method to perform nonlinear dynamic structural analyses. Its results are expressed by IDA curves, which show the relationship between the ground motion intensity (IM, intensity measure) and the structural response (DM, damage measure) [31] [32] [33] [34] . Structural response parameterized (structure damage measure, DM) is represented by the peak interstory drift ratio (θ max ). Spectral acceleration (ξ � 5% damped) at the structural first-mode period (S a (T 1 )) is selected as the ground motion intensity measure [30] in this study. Ground motion records are selected and scaled without considering the distinctive spectral shape of rare (extreme) ground motions. Ground motion records are amplitude scaled according to the spectral acceleration at the first-mode period, S a (T 1 ), until collapse happens. IDA curves are obtained with linear interpolation.
Generally, structural collapse is defined as the point of dynamic instability, where the lateral story drifts of the building increase without bounds, normally called sideway collapse [3] , which occurs when the IDA curve becomes flat in shape. e capacity point divides an IDA curve into two regions, i.e., noncollapse one (lower IM) and another collapse one (higher IM).
ere are two basic rules to define the collapse limit-state on an IDA curve. One is based on damage measure (DM-based rule), and the other one is based on the ground motion intensity measure (IMbased rule). e DM-based rule is generated from a statement of the format: "If DM ≥ C DM, then the limit-state is exceeded." In this study, the limit-state C DM is defined as θ max � 10% [35] . e IM-based rule is generated by a statement of the form: "If IM ≥ C IM, then the limit-state is exceeded." e IM-based rule defines the capacity point as the last point on the curve with a tangent slope equal to λ (λ < 1, Federal Emergency Management Agency recommends 20% [35] ) of the elastic slope. In this paper, a procedure combined with these two rules is used to get the collapse capacity points. In order to be conservative, the lowest point (in IM terms) is considered as the capacity point.
Collapse Fragility Assessment.
e structural collapse capacity is assessed by using a performance-based methodology. IDA is used to organize the nonlinear dynamic analyses of structures to the ground motion records selected from the Pacific Earthquake Engineering Research Center (PEER) database. e structural collapse capacity is assessed by using a fragility function, which is fitted with IDA results.
Fragility curves are commonly used in seismic risk analysis, reflecting the probability of structural collapse under different ground motion intensities [36] [37] [38] . A 
"√" indicates supported and "-" indicates no support.
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where P(collapse | IM � x) is the probability that a ground motion with IM � x will cause the structure to collapse, Φ( ) is the standard normal cumulative distribution function, θ is the median of the fragility function (the IM level with 50% probability of collapse), and ß is the natural logarithm standard deviation of IM.
Equation (1) implies that the IM values of ground motions causing the collapse of a given structure are distributed lognormally; parameters θ and ß can be estimated from data collected by nonlinear analysis. In this paper, the data come from the IDA results by inputting a set of selected ground motion records. Each ground motion is individually applied to structural models by using the IDA approach to get IDA curves. A series of collapse capacity points (IM i ) are generated from the IDA analysis, which is the observed data for the fragility function. Parameters (θ and β) can be estimated by using the following equations:
where IM i is the observed capacity point of no. i ground motion record; there are n ground motion records in total, θ is the logarithmic mean value of IM, and β is the corresponding logarithmic standard deviation.
Damage Assessment.
e approach to evaluating the damage in this study is performing two pushover analyses, before and after subjecting the structure to an earthquake. e structural damage index (DI) is evaluated using the following equation [39] :
where K initial is the initial slope of the base shear-top deflection relationship resulting from the pushover analysis of the frame before subjecting it to the earthquake ground motion and K final is the initial slope of the same relationship but after subjecting the frame to the earthquake time history. is DI is applicable to both ductile structures and nonductile structures. e values of the DIs range from zero to one depending on the amount of damage experienced. A value of zero represents no damage while a damage index value of one corresponds to total collapse. e inverted triangular distribution load is used in the pushover analyses for structures. It needs to be pointed out that the structure should be returned to the unloaded static state before performing the second pushover analysis. A gap of 50 s is added to the seismic load time history [40] in this study to make sure structures are returned to the unloaded static state after seismic loads.
Incremental Dynamic Analysis
Ground Motion Records.
In this paper, forty ground motion records are selected from the strong ground motion database of the Pacific Earthquake Engineering Research Center (PEER). e selected strong ground motions have moment magnitudes (M w ) ranging from 6.0 to 8.0. e soil type for the site is on firm soil (with relatively high average shear wave velocity (370-570 m/s) on top 30 m surface soil). Detail information of the records is listed in Table 3 .
Performance of Incremental Dynamic Analysis.
is section gives the IDA results that can provide corresponding collapse capacity points. e IDA results of poorly designed structure (PDS), standard-designed structure (SDS), and 13 supporting schemes are presented in Figure 5 , respectively. e dots on the curves are the corresponding collapse capacity points for each ground motion. It can be seen that all the IDA curves are all in the typical IDA curve form. IDA curves differ with the ground motions, which are due to the different ground motion features. e fact that IDA results of different cases are different from each other indicates that the different support schemes affect the structural collapse capacity to different degrees. e detailed analysis of the effect of different support schemes will be carried out later.
Seismic Performance
Structural seismic responses under different ground motion intensities are analyzed to explore the effect of different support schemes on structural seismic performance. ree different ground motion intensities (S a (T 1 ) � 0.1 g, 0.2 g, and 0.4 g) are selected in this study. Figure 6 and Table 4 illustrate the average of peak interstory drift ratio (θ max ) of each floor under these three different ground motion intensities of group A, N, and S, respectively, beside with PDS and SDS. It can be observed that supporting schemes limit structural seismic response effectively as the peak interstory drift ratios of the first and second floors are obviously reduced from the PDS. From the data in Table 4 , it can be seen that the peak interstory drift ratio (θ max ) of PDS under the three different earthquake intensities are 0.32%, 0.75%, and 4.17%, respectively, which of SDS is 0.17%, 0.36%, and 0.89%. Peak interstory drift ratio (θ max ) of supported structures under three different intensity earthquakes are 0.23%∼0.32%, 0.52%∼0.71%, and 1.2%∼1.58%, respectively. It can be seen that the structural response of PDS is greatly reduced, and the different structural responses are quite obvious. Figure 6 (a), it can be seen that the structural response of group A is much lower than that of PDS under these three seismic intensity loads. Peak interstory drift ratios (θ max ) of PDS are 0.32%, 0.75%, and 4.17%, respectively, in the bottom floor, while that of group A is reduced to 0.23%∼0.27%, 0.52%∼0.58%, and 1.24%∼1.28% 
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under seismic loads with S a (T 1 ) � 0.1 g, 0.2 g, 0.4 g, respectively. e structural response decreases as expected. But, θ max of group A is still larger than that of SDS. Comparing the five cases of group A, it can be seen that the larger the angle between the extra poles and the horizontal ground, the smaller the structural response.
Group N.
e peak interstory drift ratios of group N under three seismic intensity loads (S a (T 1 ) � 0.1 g, 0.2 g, 0.4 g) are 0.27%, 0.58%∼0.61%, and 1.28%∼1.36%, lower than those of PDS obviously. e support schemes of group N also effectively reduce the seismic response of PDS as expected. e seismic response of four cases in group N is Advances in Civil Engineering almost the same when the earthquake loads with the intensity of S a (T 1 ) � 0.1 g and S a (T 1 ) � 0.2 g. However, when S a (T 1 ) turns up to 0.4 g, it can be observed that the structural response of scheme N2 is lower than that of other schemes. e structural response of N3 is lower than that of N4.
Group S.
e peak interstory drift ratios of group S under three seismic intensity loads (S a (T 1 ) � 0.1 g, 0.2 g, 0.4 g) are 0.28%∼0.32%, 0.61%∼0.71%, and 1.4%∼1.58%, lower than those of PDS too. As expected, the response of the structure decreases along with the increasing of the crosssectional size of the extra poles.
Structural Collapse Fragility Analysis
Collapse fragility functions are fitted based on the IDA results. Structural fragility function presents the relation between seismic intensity and structural fragility, and a collapse fragility curve represents the probability of collapse as a function of ground motion intensity (S a (T 1 ), in this study). Generally, a structure is considered as safe when its collapse probability is acceptably low during strong earthquakes. FEMA-P695 recommends the acceptably low probability of structural collapse is 10% or less [41] , which means that buildings are considered to be safe when the collapse probability is equal to or less than 10%. Parameters of the fragility function for all the eleven structural cases are fitted using aforementioned IDA results, as shown in Table 5 . S a (T 1 ; 10%) represents the spectral acceleration at the first-mode period, which causes a 10% probability of structural collapse. Figure 7 gives the collapse probability of group A, N, and S, respectively, beside with PDS and SDS under the seismic intensity of interest. To illustrate the support effect better, the fragility curve of A3 is also shown in Figures 7(b) and 7(c) .
It can be observed from Table 5 that support schemes improve collapse capacity of the poorly designed structure, as the value of median collapse capacity parameter θ and S a (T 1 ; 10%) for PDS is obviously lower than that of supported structures. e change of θ (median of the fragility function) of support schemes (1.92 g∼2.39 g) has a great improvement in seismic collapse capacity compared with PDS (1.31 g). Moreover, S a (T 1 ; 10%) value of the support schemes (0.8 g∼1.08 g) increased obviously from PDS (0.57 g).
irteen support schemes have different effects on improving the collapse resistance of PDS. e change of parameter θ in Table 5 shows that the collapse resistance of individual schemes under earthquake can be close to or even exceed SDS. For example, θ (A3) � 2.39 g, slightly larger than θ (SDS). e seismic intensity of 10% collapse probability of the SDS structure is 1.03 g, which is smaller than A1 (1.07 g), A2 (1.05 g), A3 (1.08 g), and A5 (1.05 g). In terms of parameters θ and S a (T 1 ; 10%), the PDS could meet the structural collapse resistance requirements with proper simple extra pole supporting. Although the structural collapse safety of groups N and S is not as good as that of group A, it has been significantly improved compared with PDS.
Group A.
It can be seen from Figure 7 (a) that schemes of group A significantly reduce the structural seismic collapse probability of PDS and greatly improve the anticollapse ability of the structure. e fragility curves of group A are very similar to those of SDS, besides case A3 (α � 45°) has a lower collapse probability than SDS. In group A, the seismic intensity values leading to a 50% collapse probability of structures are between 2.30 g and 2.39 g, and the change rate is less than 5%. However, the earthquake intensity, which leads to a 10% collapse probability (S a (T 1 ; 10%) ), is between 1.0 g and 1.08 g, and the change rate is less than 10%. ese facts indicate that the angle between extra poles and ground (α) has little effect on the support effect on the collapse safety improvement when all the frames are supported with poles' cross-sectional dimension 200 mm × 300 mm.
However, it is worth mentioning that scheme A3 (α � 45°) even has a lower collapse probability than SDS. In Table 4 : Peak interstory drift ratio/%.
IM
S a (T 1 ) � 0.1 g S a (T 1 ) � 0.2 g S a (T 1 ) � 0. 4 g   Floor  1  2  3  1  2  3  1  2  3  SDS  0.16 45°) is the most efficient support scheme in group A.
Group N.
It can be seen from Table 5 that group N increases S a (T 1 ; 10%) from 0.57 g to 0.86∼0.92 g and θ from 1.31 g to 2.02∼2.19 g. In terms of values of the median collapse capacity parameter θ, scheme N1 (θ � 2.19 g, highest of group N) is the most efficient scheme in group N, followed by N3, N2, and N4, by turn. While in terms of S a (T 1 ; 10%), scheme N1 (S a (T 1 ; 10%) � 0.92 g, highest of group N) is the most efficient scheme in group N, followed by N4, N3, and N2, by turn. Generally, the seismic collapse safety of group N is not as well as A3 scheme; the scheme with all frames supported obviously has greater seismic collapse safety improvement than schemes with part frames supported. Figure 7 (b) proves that schemes of group N also significantly decrease the seismic collapse probability of PDS and have an obviously higher probability of collapse than that of A3. Table 5 shows that support schemes in group S increase the median parameter of the structural collapse fragility function which increases from 1.31 g to 1.92∼1.93 g and S a (T 1 ; 10%) from 0.57 g to 0.74∼0.82 g. e improvement of the seismic collapse capacity of the structure is quite obvious as well. Figure 7 (c) confirms that group S can effectively improve structural seismic collapse safety of PDS. In addition, the cross-sectional areas of scheme A3 and group S are, respectively, C0, C1, C2, C3, and C4, as shown in Table 1 . It can be seen that structural seismic collapse capacity decreases with the decrease of the cross-section area of the extra poles as we expected in terms of the median collapse capacity parameter θ. However, the changes of S a (T 1 ; 10%) and Figure 7 (c) show that larger cross-sectional area of the extra poles is not always counted on the lower probability of collapse. S a (T 1 ; 10%) of scheme S4 is larger than that of S2 and S3, and it can be seen from Figure 7 (c) that when seismic intensity S a (T 1 ) < 1 g, the structural collapse probability of scheme S4 is obviously lower than that of scheme S2 and S3. Generally, schemes of group S have improved the structural seismic collapse safety of PDS, but there is still a significant gap from SDS.
Group S.
Dynamic Damage Analysis
In this study, damage analysis is conducted with two static nonlinear pushover analyses performed, respectively, before and after the time-history dynamic analysis, as mentioned previously. Ground motion record No. 5 (Imperial Valley-06, 1979, Chihuahua) in Table 3 is selected as the representative ground motion record to study the dynamic structural damage. e structural damage index under seismic loads with the intensity of interest (0.1 g, 0.2 g, 0.3 g, and 0.4 g in this study) is investigated.
Structural damage indexes of 15 cases in Table 2 under seismic loads with the intensity of S a (T 1 ) � 0.1 g, 0.2 g, 0.3 g, and 0.4 g, respectively, are given in Table 6 . e data show that when S a (T 1 ) � 0.1 g, there is almost no structural damage as DI is less than 0.01. With the increase of seismic intensity, it is found that damage of structures with support is smaller than that of PDS, and the difference of structural damage among different schemes is obvious. Figure 8 illustrates the structural damage indexes of each group under different earthquake intensities. Meanwhile, the DI increases along with IM, especially when S a (T 1 ) reaches 0.2 g. It can be obviously seen from Figure 8 that the support schemes can be really helpful to reduce the structural damage under seismic loads, especially when S a (T 1 ) � 0.2 g. Figure 8(a) shows the damage index of PDS, SDS, and group A under four different earthquake intensities. As can be seen, the structural damage index is obviously reduced by the support schemes in group A when the earthquake loads with intensity over 0.2 g. Damage index of the PDS is 0.11 when S a (T 1 ) � 0.2 g, obviously greater than that of all the structures in group A (0.01∼0.03). When S a (T 1 ) � 0.3 g, the damage index of the PDS is 0.19, while that of all the structures in group A is between 0.12 and 0.13. When S a (T 1 ) � 0.4 g, the damage index of the PDS is 0.28, while that of all the structures in group A is between 0.16 and 0.18. Particularly, when S a (T 1 ) � 0.2 g, the structural damage index of group A is even much smaller than that of SDS, which is 0.09. Generally, schemes in group A have reduced the damage of PDS under seismic loads, and the difference in the reduction of damage between the five schemes in group A is little. Figure 8(b) shows the damage index of PDS, SDS, and group N under four different earthquake intensities. It can be found that the difference in the reduction of structural damage between the four schemes in group N is quite obvious. While it can be seen that the most efficient scheme in this group is N1, which is very close to A3. Schemes N2 and N3 are not that helpful to reduce structural damage, as DIs of them are close to PDS. Figure 8(c) shows the damage index of PDS, SDS, and group S under four different earthquake intensities. Schemes in group S have a significant effect on the reduction of structural damage as well. For example, the damage of all structures in group S (0.02-0.04) was much lower than that of PDS when S a (T 1 ) � 0.2 g. It should point out that the structural damage index of scheme S1 is even lower than that of SDS when S a (T 1 ) � 0.3 g.
Group A.
Group N.
Group S.
Discussion
e influence of extra pole supporting on structural seismic performance is very obvious; it can reduce the structural response under earthquake and reduce the probability of seismic collapse. What is more, the proper schemes can reduce structural damage effectively.
Comparative study on the angle between extra poles and the horizontal ground (analysis results of group A) shows that smaller the angle (α) is, the smaller the peak interstory drift ratio (θ max ) is, but the difference of seismic response (θ max ) is little. In addition, the seismic collapse probability of A3 is the lowest, and the DIs of A3 and A4 are the lowest, so the most recommended angle between extra poles and the horizontal ground (α) is 45°.
Schemes N1 and N2 are both having two out of three frames supported. It is found that the structural response (θ max ) is almost the same when the seismic intensity is low (S a (T 1 ) � 0.1 g, 0.2 g). When the seismic intensity increases to S a (T 1 ) � 0.4 g, the maximum interstory displacement angle of N1 is 0.05% larger than that of N2, and the gap is obviously widened. However, in terms of the seismic collapse probability and DIs, N2 has a better effect than N1 
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Advances in Civil Engineering because of the lower collapse probability and DIs. It infers that supporting both side frames at the same time can better reduce the structural response than the scheme with one side frame and one middle frame supported, but it is not a more effective way to decrease the collapse probability of PDS. Schemes N3 and N4 are both having one frame supported. It can be seen the structural response (θ max ) is almost the same when the seismic intensity is low (S a (T 1 ) � 0.1 g, 0.2 g). When the seismic intensity increases to S a (T 1 ) � 0.4 g, the maximum interstory displacement angle of N4 is 0.06% larger than that of N3, and the gap is obviously widened. However, in terms of seismic collapse fragility curves in Figure 7 (b), N4 has a lower collapse probability than N3. It infers that supporting one side frame can better reduce the structural response, but it is not a more effective way to decrease the collapse probability of PDS.
It can be clearly seen that the scheme with all frames supported (A3) is more effective than only the supporting part of the frames by comparing group N and scheme A3; as the structural response is smaller, the collapse probability is lower, and the structural damage is smaller.
Analysis results of group S indicate that the larger the cross-sectional area of extra poles, the smaller the structural response and the peak interstory drift ratio (θ max ). However, it is found that S1 has the lowest collapse probability under the seismic loads with the intensity of interest, followed by S4, S2, and S3. Collapse safety of the structure of S4 is better than that of S2 and S3.
Conclusions
is paper constructed numerical analysis models of a lowrising RC building structure, a poorly designed RC building structure with the same geometry size. ree sets of support schemes using extra tilted poles were designed to explore the influence of the support angle between poles and the ground, location and the number of poles, and the cross section of poles on the improvement efficiency. Forty ground motion records were selected from the Pacific Earthquake Engineering Research Center (PEER) database to perform nonlinear dynamic analysis. Incremental dynamic analysis was used to perform nonlinear dynamic structural analyses to collect the data for estimating structural seismic collapse fragility. e structural damage index is used to study the dynamic structural damage and the damage reduction effect of the extra devices.
Results of this study imply the following conclusions:
(1) e nonlinear dynamic analysis results show that the extra tilted poles can reduce the seismic response significantly. But, the seismic response of all the supported cases is still greater than SDS. at is because the extra poles improve the collapse safety mainly through the improvement of structural ductility. e improvement of the lateral stiffness and strength by the extra poles is very limited.
(2) Extra tilted poles can improve the seismic resistance of the RC structure effectively. With proper design (such as group A, case A3), the collapse probability even can be lower than the standard designed building. Support schemes increase the value of S a (T 1 ; 10%) to 0.74∼1.08 from 0.57 and increase value of θ to 1.92∼2.39 from 1.31. PDS with support schemes can have a very close value of S a (T 1 ; 10%) and θ to SDS.
(3) Structural dynamic damage is reduced by the extra tilted poles too. Results show that the DI can be reduced to 0.01 (case A3, A4) from 0.11 under earthquake loads with S a (T 1 ) � 0.2 g.
(4) When conditions permit, the most recommended support scheme is having all frames supported with the angle between poles and the ground is 45°, considering a seismic response, collapse probability, and dynamic structural damage comprehensively.
(5) Location of the poles placed has a significant effect on collapse safety and dynamic response. When the site condition makes it impossible to have all frames supported, we should choose the side frame/frames to get a lower collapse probability.
(6) Generally, the larger the cross-section size of the poles, the better the improvement of the structure. is study shows that the collapse probability of the supported structure is very close to that of SDS when the cross-section dimension of the poles is 200 mm × 300 mm. But, when the cross-section dimension is reduced to 200 mm × 200 mm, the collapse probability rises rapidly. In this case, the crosssection dimension of poles should not be smaller than 200 mm × 300 mm. Otherwise, the collapse probability cannot meet the standard requirements. (7) It is well known that building structures should meet the requirements of stiffness, strength, and ductility. e aforementioned results indicate that the extra pole supporting with proper design can improve the structural seismic collapse capacity and reduce the dynamic damage at a certain level. Well, there is still some difference between SDS and the supported structures. So this support scheme with tilted poles can be a temporary measure to improve structural collapse capacity but not a reinforcement measure for long-term use.
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